Detection and resolution of square patches of sinusoidal gratings were measured in central and peripheral vision (30 ± horizontal temporal visual field) for high-contrast gratings as a function of the number of cycles in the stimulus. We determined performance in a forced-choice paradigm for a fixed number of stimulus cycles by arranging for stimulus diameter to vary inversely with spatial frequency. For both psychophysical tasks and for both target locations, the psychometric function relating performance to log spatial frequency shifted to higher frequencies without changing slope significantly as the number of cycles in the stimulus was increased. Thus the entire effect could be captured by an analysis of spatial acuity, which increased with increasing number of grating cycles over the range 0.5 -6 cycles but remained constant over the range 6 -14 cycles. In the central field, resolution acuity and detection acuity were equal regardless of the number of cycles in the stimulus. In the peripheral field, detection acuity exceeded resolution acuity and perceptual aliasing occurred for stimuli in the range 1 -14 cycles. From this result we conclude that resolution acuity is sampling limited in the periphery, provided that the stimulus contains at least one full cycle of the grating. Essential features of the results could be accounted for by Fourier analysis of the stimulus.
INTRODUCTION
In central vision 1 -9 and in peripheral vision 6, 10, 11 contrast sensitivity for detecting a patch of sinusoidal luminance grating improves as the number of cycles in the stimulus increases. These studies have shown that for foveal vision, improvements in grating detectability are limited to the first 6 -12 cycles (depending on the spatial frequency of the grating) but that in the peripheral field detectability continues to improve as the stimulus patch grows to include as many as 64 cycles. This effect of number of cycles in the stimulus has been attributed to probability summation across a population of independent detectors that are spatially distributed in the visual field. 4, 9, 10 Improvements in contrast sensitivity achieved by increasing the number of cycles in the stimulus yields a corresponding increase in spatial resolution for foveal vision. 1, 12 This is to be expected if we conceive of resolution acuity as that spatial frequency for which contrast sensitivity falls to unity. 13 However, performance on a resolution task is not always contrast limited in the manner implied by this definition. For example, if the optical cutoff frequency of an eye happens to exceed the Nyquist limit of the individual's foveal cone mosaic, or if the optical contrast attenuation of the eye is avoided by stimulation of the retina directly with interference fringes, it becomes possible for subjects to detect a grating even though they cannot resolve it (i.e., cannot correctly state its orientation). 14 Thus previous investigations of contrast sensitivity predict an improvement in cutoff frequency for detection, but not necessarily for resolution, as stimulus size increases. The first aim of the present series of experiments was to test this prediction experimentally in both central and peripheral vision.
Although the distinction between detection acuity and resolution acuity is normally of little consequence for foveal vision, it is critical for understanding peripheral vision. 15 In the periphery, visual resolution of highcontrast gratings is limited not by contrast sensitivity but by the ambiguity of aliasing caused by neural undersampling of the retinal image. 16 -19 Since the effect of stimulus size on the transition frequency between veridical and aliased perception at present is unknown, our second aim was to measure resolution acuity in the periphery as a function of the number of cycles in the stimulus and to compare the results with peripheral detection acuity and also with foveal performance for the same psychophysical tasks in the same individuals.
In a broader context, it is important to understand how truncation of a grating stimulus affects resolution acuity and detection acuity throughout the visual field. Luminance gratings are favored stimuli in spatial vision research because the sinusoidal grating is considered an elementary stimulus that is harmonically pure (i.e., contains just a single spatial frequency component). However, this viewpoint strictly holds only for stimuli of infinite extent. In practice a subject usually views a grating stimulus through a finite window, which introduces new components into the spatial frequency spectrum of the stimulus and thus destroys its spectral purity. 2, 20, 21 To understand fully the results of such experiments, one must assess the relative contribution to visual performance of these spurious components and adjust models of the visual process to account for their effects. 3, 8, 22, 23 Of particular importance for peripheral vision is the possibility that some of the spurious components introduced by windowing might exceed the Nyquist frequency of the retinal mosaic and lead to aliasing, perhaps affecting the resolution of other frequency components in the stimulus. Thus the possibility exists that windowing will affect resolution acuity in the periphery in a way that is fundamentally different from its effect in central vision, which is protected from aliasing by low-pass spatial filtering by the eye's optical system. 24 Accordingly, our third aim was to uncover evidence of the significance of windowing for peripheral resolution.
METHODS
A. Subjects Monocular visual performance was measured in the central and peripheral fields for the three authors viewing with the right eye (the left eye was occluded). For foveal experiments, refractive errors were corrected with ophthalmic lenses centered on the line of sight. For peripheral experiments, the subject fixated an illuminated cross at a distance of 3 m while peripherally viewing the stimulus, which was also located 3 m from the observer but was displaced 30
± along the horizontal meridian into the temporal field. The refractive error of the eye for this eccentric location was determined by retinoscopy and corrected with the appropriate spectacle lenses placed in front of the eye, in line with peripheral target but outside the line of sight for the fixation target. Pupil size was in the range 4-5 mm for all subjects.
B. Stimulus
Square patches of high-contrast (80%) sine wave gratings were displayed in the center of a gamma-corrected monochrome monitor (48-cm diagonal, 256-bit luminance resolution; Radius, Inc.) controlled by a Macintosh computer. The uniform region of the display surrounding the stimulus patch was set equal to the space-average luminance (L 0 40 cd͞m 2 ) of the grating. We verified that the mean luminance of the grating patch matched the luminance of the surround by viewing the monitor foveally through a positive blurring lens, which rendered the grating unresolvable. No luminance difference between the stimulus patch and the surround could be discerned. The monitor was viewed against a large uniform wall of approximately the same mean luminance as the computer display. Viewing distance was 7 m for foveal targets and 3 m for peripheral targets. This difference in viewing distance was necessary to yield a threshold stimulus that was small compared with the dimensions of the monitor yet large compared with individual pixels. The largest target used in this study occupied ϳ 10% of the total area of the display.
For each session a grating with a fixed number of cycles (0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, or 14 cycles) was used. The diameter of the patch was scaled up or down to vary the spatial frequency according to the following formula: spatial frequency number of cycles͞stimulus diameter. In this way we emulated the classic paradigm introduced by Wertheim 25 in which the viewing distance of a fixed grid is varied to control spatial frequency. However, we avoided the problem of stimulus defocus normally associated with Wertheim's method, because the viewing distance to our target was constant. One advantage of varying stimulus size, rather than the number of cycles, to manipulate spatial frequency is that the shape of the spatial frequency spectrum of the stimulus remains constant throughout a session, with only the scale of the spectrum changing (see Appendix A).
To reduce edge effects 21, 23 we damped the last half-cycle on each end of the grating by multiplying local contrast by an extended cosine bell function as follows: Let N be the number of cycles and L͑x, N ͒ be the luminance profile in a direction x perpendicular to the bars of the grating. Then the luminance profile of the stimulus is given by
where the window function W ͑x, N͒ is constant over the central N 2 1 cycles of the stimulus and at each end is a half-cycle of a raised cosine function with the same period as the grating. For example, to produce a grating patch with six cycles we defined the window by the following equation:
where x is in units of number of cycles. Figure 1 illustrates the spatial profile of the window defined in Eq. (2) and the corresponding stimulus defined by Eq. (1) plus a few other examples of windowed grating stimuli. For the case of N 1 or N 1͞2 the window had no plateau region in the middle but was simply one full cycle of a raised cosine function with the same period as the grating.
C. Protocol for Measuring Detection Acuity
Psychometric functions for contrast detection as a function of spatial frequency were measured with a twointerval forced-choice paradigm in which a patch of grating was presented in either the first or the second temporal interval. 19 The other interval contained a uniform field of the same mean luminance as the grating. The grating was randomly presented in either horizontal or vertical orientation, and stimulus duration was controlled by the subject. The subject's task was to indicate which interval contained spatial contrast (i.e., was not uniform). Each session randomly interleaved five horizontal and five vertical targets at each of seven different stimulus sizes. Performance for a given spatial frequency was averaged across the two stimulus orientations.
D. Protocol for Measuring Resolution Acuity
Psychometric functions for grating resolution as a function of spatial frequency were measured with an orientation identification task. 19 A two-alternative forced-choice paradigm was used in which each stimulus trial contained a grating chosen randomly to be oriented either vertically or horizontally. The subject's task was to indicate which orientation was present on each trial. Each session randomly interleaved 10 horizontal and 10 vertical targets at each of 7 different stimulus sizes. To compensate for the fact that resolution acuity varies systematically with orientation in the peripheral field 19, 26, 27 we used slightly different spatial frequency ranges for vertical and horizontal gratings. We averaged results across orientation by first determining the mean spatial frequencies of corresponding pairs of vertical and horizontal stimuli and then averaging performance at each mean frequency.
E. Data Analysis
Weibull psychometric functions 28 of negative slope having the functional form
were fitted to experimental data by the method of least squares. In Eq. (3), f is the spatial frequency of the grating, a is the value of f for which the slope of the curve is greatest when plotted on a log f abscissa, and b is a steepness parameter that equals 2.36 times the slope on a log f axis, at the point f a. We adopted the usual convention of taking f a as a measure of cutoff spatial frequency, which in this case corresponds to a 68% correct criterion. To quantify the transition zone of spatial frequencies for which performance falls from nearly flawless to nearly chance levels, we define
where f c is the spatial frequency that corresponds to probability c.
RESULTS

A. Grating Detection for Foveal Vision
Psychometric functions for the detection of a high-contrast grating in central vision are illustrated in Fig. 2A for subject RSA. Each of the 10 data sets describes performance for a patch of grating containing a fixed number of cycles with fixed contrast, as a function of the spatial frequency of the stimulus. When spatial frequency was plotted on a logarithmic scale the different curves all had approximately the same shape, regardless of the number of cycles contained in the stimulus. The main effect of increasing the number of cycles in the stimulus was a parallel shift of the psychometric function toward higher spatial frequencies. This effect was more pronounced when the stimulus contained only a few cycles of the grating, and the individual curves tended to overlap when the stimulus contained many cycles. Results for the other two subjects were nearly identical to that shown in Fig. 2A . 29 We obtained quantitative support for these impressions by fitting Weibull functions to individual data sets to estimate parameters a (acuity) and b (proportional to slope) for each empirical psychometric function. Pairwise differences in the b values obtained for different number of cycles in the test stimulus lacked statistical significance (t-test, 5% level). With this justification we pooled the data from different stimulus conditions to get a more reliable estimate of a common slope that would apply to all the data sets in Fig. 2A . We did pooling by first normalizing the spatial frequency variable in each data set by dividing by the corresponding value of a. In effect, this normalization procedure shifts each of the psychometric functions parallel along the abscissa until the inflection points of all the curves coincide. The result is shown in Fig. 2B , along with the best-fitting Weibull function, for which b 10.57 with an estimated standard error of 0.57. When the same analysis was performed on the data from the other subjects a similar result emerged, as may be seen from tabulated regression parameters displayed in Table 1 . As there was little intersubject variability in Weibull function fitted to pooled data in B was averaged with similar slopes from other subjects (see Table 1 ), and the mean value was used to create the template curve fit to each of the individual data sets in A as shown. In this and subsequent figures, cyc͞deg stands for cycles per degree (c͞deg). these regression results, we incorporated the mean value b 10.3 into the Weibull equation and refitted the original data with a as the only free parameter. The results, shown by the solid curves in Fig. 2A , provided an adequate fit to the individual data sets illustrated here, and the same was true for the other subjects as well. 29 This discovery that b is invariant with number of cycles in the stimulus held also for the resolution task and proved to be true for peripheral vision as well, as documented below.
B. Grating Resolution for Foveal Vision
Psychometric functions obtained for the orientationidentification task used to measure foveal resolution performance were virtually identical to those obtained for the detection task. As illustrated in Fig. 3 , all the curves have approximately the same shape regardless of the number of cycles contained in the stimulus, and the main effect of increasing the number of cycles was a parallel shift of the psychometric function toward higher spatial frequencies. Accordingly, we fitted a Weibull function to the pooled data sets (as described above) for each subject and again found little individual variability (see Table 1 ). The mean value of b for the three subjects was 10.25, which is essentially the same result obtained for detection. We therefore adopted the same template used in Fig. 2A to fit the individual data sets of Fig. 3 as shown.
C. Grating Detection and Resolution for Peripheral Vision
Performance measured in peripheral vision, shown for the detection task in Fig. 4 and for the resolution task in Fig. 5 , was qualitatively similar to foveal performance but quantitatively different. Psychometric functions were well fitted by a series of parallel Weibull functions but with significantly lower slope than obtained foveally. The average b value for the three subjects was 7.68 for detection and 8.58 for resolution (Table 1 ). This slight difference for the two tasks was comparable in magnitude to the statistical uncertainty in b values for the pooled data from each of the individual subjects, and therefore we adopted the mean value of b 8.2 to create a common template that adequately described all the individual data sets shown in Figs. 4 and 5 .
D. Variation of Acuity with Number of Cycles
Since varying the number of cycles in the stimulus shifted the psychometric function along the abscissa without changing slope significantly, the entire effect is captured by an analysis of acuity, as specified by the Weibull parameter a. Figure 6 shows how acuity varied with number of cycles for the two tasks of detection and resolution in the fovea and in the periphery for each of the three subjects tested. In every case, acuity increased rapidly with increasing number of cycles up to approximately 6 cycles and then remained constant as the number of cycles increased to 14. For foveal vision the results were indistinguishable for the two psychophysical tasks, but for peripheral vision we found that detection acuity was always superior to resolution acuity, provided there was at least one cycle visible in the stimulus. For spatial frequencies lying above the resolution limit, but below the detection limit, subjects reported the perception of spatial aliasing similar to those described previously for interferometric fringes in peripheral vision. Since there was little intersubject variability evident in the results in Fig. 6 , we averaged the data across subjects and plotted the results on a logarithmic abscissa, as shown in Fig. 7 , to emphasize the range between 1 -6 cycles where acuity changes most rapidly. The smooth curves drawn through the data symbols represent the predictions of a stimulus-based model introduced in Section 4 that emerged from a spectral analysis of the windowed grating stimuli. These curves all have the same shape and are translated vertically and horizontally to best fit the data (method of least squares; correlation coefficient R . 0.98 in every case; regression parameters given in the inset of Fig. 7 . The aliasing zone of frequencies between detection and resolution limits in peripheral vision, marked by the shaded region in Fig. 7 , diminished as the number of cycles was reduced and vanished when the visual stimulus contained less than one full cycle of the grating target.
DISCUSSION
A. Relationship between Number of Cycles and Performance
The present study demonstrates that the main effect on visual performance produced by changing the number of cycles in a patch of high-contrast grating is to translate the psychometric function laterally along the logarithmic spatial frequency axis (Figs. 2 -5 ). This result was obtained regardless of whether the visual task was contrast detection or spatial resolution and regardless of whether the stimulus was located in central or peripheral fields. To quantify this Weber's-law type of behavior we fitted the data with theoretical Weibull functions and found that, for both psychophysical tasks in central vision, the transition from 95% to 55% correct occurs for a 28% change in spatial frequency [i.e., Df͞f 0.28 for b 10.3; see Eq. (4)], independently of the number of cycles. Psychometric functions were slightly flatter in peripheral vision (Df͞f 0.35, average b 8.2) but were considerably steeper than psychometric functions reported for other visual tasks. 28, 31 These results complement a recent demonstration 19 that the slopes of psychometric functions for acuity tasks are independent of stimulus eccentricity when the stimulus size is constant (compared with the present paradigm in which the number of cycles was held constant as frequency varied) but are steeper for the resolution task than for the detection task.
Estimates of resolution acuity derived from the psychometric functions that we measured for central vision confirm the earlier study of Pokorny, 1 who found no improvement in resolution for gratings containing more than approximately eight cycles at retinal illuminance levels comparable with those of the present experiments. Although most previous studies of the effect of grating size have measured contrast sensitivity rather than acuity, we would expect the two measures to vary in the same way if acuity were conceived as the end point of the contrast sensitivity function. 13 Present results support this viewpoint for central vision by showing that cutoff spatial frequency for contrast detection improves as the grating patch increases up to a critical value of approximately six cycles, which agrees with previous experiments that showed similar trends for contrast sensitivity.
Robson and Graham 10 found that in peripheral vision contrast sensitivity continues to improve as the grating grows to include as many as 64 cycles, but we found no evidence of a corresponding increase in cutoff spatial frequency for detection beyond approximately six cycles. Neither did we find evidence of increases in peripheral resolution acuity beyond six cycles, but that result is not in conflict with continued improvements in contrast sensitivity because peripheral resolution is sampling limited, not contrast limited. This point was underscored by recent experiments demonstrating that stimulus contrast can vary over a large range (10 -80%) without effect on peripheral resolution acuity.
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B. Differences between Detection and Resolution
For central vision no significant difference between detection acuity and resolution acuity was found, regardless of the number of cycles in the grating stimulus. However, in peripheral vision we found a significant difference between the rates of change of detection acuity and resolution acuity with number of cycles in the stimulus. As a result, the range of spatial frequencies for which detection acuity exceeded resolution acuity, and for which subjects reported subjective aliasing, narrowed as the number of cycles in the stimulus was reduced and vanished altogether when less than one full cycle was present. One implication of this result is that peripheral resolution remains sampling limited even for grating patches containing just a few cycles, provided that the retinal image is clearly focused.
The preceding conclusion raises an interesting question: If peripheral resolution is limited by neural undersampling, 32 why would the Nyquist transition frequency separating veridical from aliased perception vary with the number of cycles in the stimulus at a fixed retinal location? In any simple model of neural sampling, the Nyquist frequency is a fixed quantity set by the sampling density of the neural array and therefore should be independent of stimulus parameters. In what follows we attempt to resolve this paradox by examining more closely the spatial frequency content of a windowed grating.
C. Energy-Dispersion Model of the Effect of Windowing on Resolution Acuity
From a Fourier analysis perspective, when an extended grating is truncated by a finite aperture some of the stimulus energy is dispersed into regions of the spatial frequency spectrum above and below the characteristic frequency of the grating. This dispersive effect of windowing can be modeled quantitatively in the frequency domain as a convolution of the spectrum of the grating with the spectrum of the aperture function. To visualize the result we computed the amplitude spectra of the stimuli used in the present series of experiments, using a standard, two-dimensional finite-Fourier-transform algorithm. For illustration purposes we selected a grating of spatial frequency 6.5 cycles͞degree (c͞deg), which was the maximum resolution acuity determined experimentally for peripheral vision (Fig. 7) . Each image subjected to finite-Fourier-transform analysis was a 256 3 256 matrix of luminance values representing a square window large enough to contain 14 cycles of the grating. For patches containing fewer than 14 cycles, points outside the patch were set equal to the mean luminance of the grating.
Computed amplitude spectra for three different patch sizes (14, 5 , and 2 cycles), rendered as contour maps in Fig. 8 , clearly illustrate the dispersion of energy into spatial frequencies above and below the characteristic frequency (6.5 c͞deg) of the grating. We propose that this dispersion may account, at least in part, for the drop in resolution acuity measured psychophysically for small patches in peripheral retina. To begin the argument, we assume that the maximum resolution acuity (6.5 c͞deg) measured for large patches of grating represents a physiological upper bound to performance set by the Nyquist frequency of the neural sampling array. (Here we are ignoring the possibility of slightly overestimating the Nyquist limit because of the arbitrary choice of 68% correct on the psychometric function as a criterion for resolution cutoff. 18, 33 However, the choice of criterion is not critical for our argument.) Accordingly, we indicate the neural sampling limit by a circle of radius 6.5 c͞deg (c͞d) that is centered on the origin in Fig. 8A and passing through the two delta functions that represent the spectrum of the grating. We call this circle the Nyquist ring. Points outside the Nyquist ring represent that portion of the spatial frequency spectrum that is above the neural sampling limit and therefore will be undersampled. Inspection of Figs. 8B and 8C reveals that the effect of windowing in peripheral vision is to disperse some of the Fig. 8 . Contour maps of amplitude spectra of vertical gratings with fixed spatial frequency [6.5 c͞deg (c͞d)] but different numbers of cycles displayed in the stimulus window. A Nyquist ring partitions the spatial frequency spectrum into two regions. The points inside the ring represent gratings that are adequately sampled and therefore resolvable. The points outside the ring represent gratings that are undersampled and therefore are subject to aliasing. The effect of windowing is to disperse a significant portion of the frequency spectrum of the stimulus to areas outside the Nyquist ring. Fig. 9 . Contour maps of the amplitude spectra of vertical gratings with spatial frequency equal to resolution acuity (R) measured experimentally for grating patches containing different numbers of cycles. Observers appear to compensate for spectral dispersion caused by windowing by reducing the characteristic frequency of the grating so that critical frequency components of the stimulus will fit inside the Nyquist ring. Fig. 10 . Amplitude spectrum (thin curve, left ordinate) and integrated power spectrum (thick curve, right ordinate) of a two-cycle grating in a cosine-bell window. The grating frequency (4.6 c͞deg) equals the mean resolution acuity measured experimentally. The spectral dispersion model is motivated by the observation that 95% of stimulus power lies below the estimated Nyquist frequency (6.5 c͞deg).
stimulus energy into the aliasing zone of frequencies outside the Nyquist ring. We presume that this loss of resolvable stimulus energy, or the corresponding increase in aliased stimulus energy, or perhaps a combination of both factors, hampers performance on the orientationdiscrimination task. We can regain this performance loss by increasing the physical size of the target, which rescales the target's spectrum such that a larger fraction of the dispersed energy is retained inside the Nyquist ring. From the viewpoint of the experimenter this spatial rescaling is manifested as a lowered resolution acuity.
To test the foregoing conjectures we calculated the spectra of patches of grating with spatial frequencies equal to the empirical acuity values measured psychophysically. The results are shown in Fig. 9 for grating patches containing 14, 5, or 2 cycles [mean resolution acuity 6.5, 6.1, 4.6 c͞deg (c͞d), respectively]. As predicted, most of the stimulus energy now lies inside the Nyquist ring [compare Figs. 8c and 9c) . Thus it appears that changes in the spectral content of the stimulus produced by windowing can account for changes in resolution acuity even when performance is limited by the sampling density of a fixed neural array.
The qualitative arguments just presented are developed quantitatively in Fig. 10 for a two-cycle patch of grating. The thin curve is the one-dimensional profile along the horizontal frequency axis of the spectrum shown in Fig. 9C , normalized to unit amplitude at the characteristic frequency of the grating (4.6 c͞deg). The heavy curve is a cumulative power spectrum determined by numerical integration of the squared amplitude curve, normalized to unit maximum value. These calculations revealed that, for a grating patch at the psychophysical cutoff frequency, 95% of the stimulus power lies below the estimated Nyquist frequency of 6.5 c͞deg. A similar result was obtained from numerical analysis of the other patch sizes used experimentally. The consistency of these results encouraged us to develop a simple analytical model of spectral dispersion, which is applied below to the entire experimental data set of the present study.
The central tenet of the energy-dispersion model described in detail in Appendix A is that the psychophysical end point in a grating acuity task is achieved when some fixed fraction P 0 of the stimulus power lies below a fixed physical frequency F , which is determined by the properties of the visual system (e.g., the Nyquist limit of the retinal sampling array). This model predicts that resolution acuity (in cyc͞deg) should vary with number of cycles, N , according to the formula Acuity FN͑͞N 1 k͒ .
We determined the two free parameters of the model, F and k, from the experimental results by fitting Eq. (5) by the method of least squares to the mean data of Fig. 7 . The result for the peripheral resolution data ͑k 1, F 6.9 cyc͞deg), shown by a heavy curve through the filled triangles in Fig. 7 , fits the data well ͑R 0.99͒. From the regression value for k we calculated the corresponding power fraction P 0 by evaluating Eq. (A2) below when the upper limit to integration was set to N 1 k. The result for k 1 was P 0 0.95, which is the same result obtained above by numerical analysis of the visual stimulus in conjunction with Fig. 9C .
D. Application of the Energy-Dispersion Model to Detection Acuity
The energy-dispersion model introduced above makes only one assumption about the visual system, that the acuity end point occurs when a fixed proportion of the stimulus energy lies below some critical spatial frequency.
Although it was developed in the context of the samplinglimited task of resolution, the same model also seemed a reasonable candidate to describe our results for grat-ing detection. Howell and Hess 4 showed that visual sensitivity to gratings is maximized when the stimulus expands to fill a critical area roughly 10 grating periods in diameter. If this critical area represents a minimum domain of visual analysis, then Fourier analysis over this domain predicts that patches of grating smaller than the critical size will suffer spectral dispersion, thus shifting some of the stimulus energy into the ineffective band of frequencies beyond the postulated cutoff F . The result is a loss of contrast that renders the stimulus subthreshold. To recover from this condition, the experimenter reduces the characteristic frequency of the grating, which pulls the dispersed spectrum below the cutoff frequency, thereby raising the stimulus back to threshold. From the experimenter's viewpoint the net result is a reduction in the subject's detection acuity.
Least-squares regression of the other three data sets in Fig. 7 onto the model of Eq. (5) produced an acceptable fit (R 0.99 in every case), as indicated by the heavy curves. Regression parameter k was slightly higher (2.3 for peripheral detection acuity, 1.7 for central detection or resolution) than for peripheral resolution, which indicated a slightly higher criterion power level (P 0 0.97 and P 0 0.98, respectively). The maximum acuity value was also higher for these other data sets (15 c͞deg for peripheral detection acuity, 62 c͞deg for central detection or resolution). Despite these quantitative differences, the same energy-dispersion model appears to offer an adequate description of how acuity depends on number of cycles in a grating patch for both psychophysical tasks and for both retinal loci tested.
E. Alternative Models
An entirely different approach to modeling the effect of number of cycles on peripheral resolution acuity arises from a consideration of the degree of regularity of the sampling mosaic that is responsible for limiting performance. The sampling theorem of communication theory is usually stated in its simplest form in which the samplers are assumed to be error free and equally spaced. In this case, recruiting more samplers by enlarging the stimulus would not help to remove the ambiguity of aliasing caused by undersampling. If the sampling mosaic is irregular, however, then expanding the stimulus window might aid resolution because larger stimuli are more likely to fall on a patch of retina that happens to have, by chance, enough closely spaced neurons to allow the subject to resolve a small piece of the pattern. Similarly, if the sampled values are noisy, then performance will benefit from the improved signal-to-noise ratio achieved by increasing the number of samples. To construct a model that takes such factors into account will require an assessment of the degree of irregularity in the neural array, which at present is unknown for peripheral human vision. Thus we cannot rule out the possibility that a model based on irregular sampling will be able to offer an alternative account of the effect of number of cycles on peripheral resolution acuity.
APPENDIX A
A one-dimensional profile of a window of diameter D deg is shown in normalized coordinates in Fig. 11A . The (one-sided) frequency spectrum of such a window is the function sin͑pf ͒͞pf , shown in Fig. 11B . When the window is applied to a sinusoidal grating of frequency N c͞window, we find the spectrum of the resulting patch of grating by convolving the spectrum of Fig. 11A with a delta function at frequency N to give
as shown in Fig. 11C . The cumulative power spectrum of the grating patch, shown in Fig. 11D , is computed from the integral Fig. 11 . Spectral analysis of the grating patch. The rectangular window (A) has a Fourier transform (B), which, when convolved with the spectrum of an extended grating, yields the spectrum of the patch of grating (C). The integral of the squared amplitude spectrum of C is shown in D.
Power
Note that because spatial frequencies are expressed in terms of c͞window, the curves in Fig. 11 apply regardless of the physical size of the grating patch, which was varied in our psychophysical paradigm. Furthermore, varying the number of grating cycles displayed within the window has no effect on the shape of the spectra in Figs. 11C and 11D. Therefore a fixed value of k corresponds to the same power criterion P 0 regardless of the number of cycles of grating in the patch, except when N is less than ϳ 1, in which case the positive and negative halves of the spectrum overlap extensively and the curve in Fig. 11D is inaccurate. The spectral dispersion model described in the text asserts that the psychophysical end point is achieved when a fixed fraction P 0 of the stimulus power lies below some fixed physical frequency F that is determined by the properties of the visual system (e.g., the Nyquist limit of a neural sampling array). According to Fig. 11D , frequency F also corresponds to N 1 k c͞window. These two values are related by D, the physical diameter of the window in degrees, according to the formula
Multiplying both sides by N and rearranging terms results in
But N͞D is the grating spatial frequency in physical units of cyc͞deg at threshold, i.e., the experimentally determined acuity. Thus the model predicts that
which is Eq. (5). Inspection of this result indicates that F is the maximum acuity achieved for large N and that acuity will be half the maximum when k N. Model parameters F and k were determined from the experimental data as regression parameters. Given a numerical value for k, we found the corresponding power fraction P 0 by evaluating Eq. (A2) when the upper limit to integration was set to N 1 k.
